Numerous bacteria cope with the scarcity of iron in their microenvironment by synthesizing small iron-scavenging molecules known as siderophores. Mammals have evolved countermeasures to block siderophore-mediated iron acquisition as part of their innate immune response. Secreted lipocalin 2 (Lcn2) sequesters the Escherichia coli siderophore enterobactin (Ent), preventing E. coli from acquiring iron and protecting mammals from infection by E. coli. Here, we show that the iroA gene cluster, found in many pathogenic strains of Gram-negative enteric bacteria, including E. coli, Salmonella spp., and Klebsiella pneumoniae, allows bacteria to evade sequestration of Ent by Lcn2. We demonstrate that Cglucosylated derivatives of Ent produced by iroA-encoded enzymes do not bind purified Lcn2, and an iroA-harboring strain of E. coli is insensitive to the growth inhibitory effects of Lcn2 in vitro. Furthermore, we show that mice rapidly succumb to infection by an iroA-harboring strain of E. coli but not its wild-type counterpart, and that this increased virulence depends on evasion of host Lcn2. Our findings indicate that the iroA gene cluster allows bacteria to evade this component of the innate immune system, rejuvenating their Ent-mediated iron-acquisition pathway and playing an important role in their virulence.
I
ron is essential for the growth of nearly all bacteria, but the insolubility of ferric iron results in extremely low bioavailability of this nutrient in most microenvironments. To satisfy their requirement for iron, many bacteria produce iron-chelating small molecules known as siderophores, which they export in their apo form and import as ferric complexes (1) . Mammals, in turn, have evolved defense mechanisms that exploit the bacterial requirement for iron. During infection, a general mammalian strategy for limiting bacterial growth is to up-regulate expression of lactoferrin receptors and ferritin, which decreases the concentration of extracellular iron in serum (2) . A more specific strategy involves the mammalian protein Lcn2, also known as siderocalin, neutrophil gelatinase-associated lipocalin, 24p3, or uterocalin (3) (4) (5) (6) . We have shown that Lcn2 is a bacteriostatic protein that is constitutively present in neutrophil granules and can be induced and secreted in response to activation of innate immune receptors such as Toll-like receptor 4 (TLR4) (5) . Lcn2 binds several ferric siderophore complexes including the ferric complex of Ent ( Fig. 1A; refs. 4 and 7), which is produced by Gram-negative enteric bacteria, including Escherichia coli, Salmonella enterica, and Klebsiella pneumoniae. Lcn2 exerts its growth-inhibitory effect by sequestering Fe(III)-bound Ent from Ent-producing bacteria, effectively starving them of iron. Indeed, Lcn2-deficient ( Ϫ/Ϫ ) mice are profoundly sensitive to infection by E. coli (5, 8) but not Staphylococcus aureus (5) , which does not rely on Ent for iron acquisition but rather on siderophores that are predicted not to bind to Lcn2.
Despite the efficacy of Lcn2 at blocking Ent-mediated iron acquisition, pathogenic strains of enteric bacteria are known to harbor the gene cluster responsible for Ent production, suggesting that alternative forms of Ent might be used for iron acquisition during infection. One alternative emerged with the discovery of modified forms of Ent, termed salmochelins, in the culture broth of Sa. enterica. Production of salmochelins is associated with the iroA gene cluster (Fig. 1B) , which is also found in pathogenic strains of E. coli, Salmonella spp., and K. pneumoniae (9) (10) (11) (12) . The iroA gene cluster encodes five proteins involved in modification and transport of Ent: IroB Cglucosylates Ent (13), IroE hydrolytically linearizes Ent (14, 15) , IroD degrades ferric complexes of the siderophore to release iron in the bacterial cytoplasm (14, 15) , and IroN and IroC transport Ent and its derivatives (16) . Rather than Ent, iroAharboring bacteria secrete a mixture of salmochelins S4 and S2 ( Fig. 1 A) , which are macrocyclic and linearized versions of diglucosylated Ent, respectively (16, 17) . We have shown that glucosylation and linearization of Ent decrease its propensity to partition into lipid bilayers, which might be advantageous for iron scavenging in a membrane-rich microenvironment (18) .
Results and Discussion
Hypothesizing that iroA-directed Ent modification would allow pathogenic bacteria to evade Lcn2-mediated host defense, we began by investigating the interaction between Ent and Lcn2. Structural analyses of siderophore-binding by Lcn2 (4, 19, 20) demonstrate significant steric clashes between even a single modeled glucose adduct on Ent in any of the catechol-binding pockets in the Lcn2 calyx ( Fig. 2A) . We confirmed this hypothesis by using two separate assays. The equilibrium dissociation constant (K d ) for Fe(III)-Ent binding to human or murine Lcn2 is 0.43 nM by a fluorescence quenching assay (Fig. 2B ), in agreement with our previously published data (4) . Under the same conditions, the absence of quenching with Fe(III)-S4 and (Fig. 2B) , which is Ͼ10 3 -fold weaker than the affinity of the IroN homolog FepA for its siderophore ligand, Ent (21) . In a separate qualitative cocrystallization binding assay, millimolar Lcn2 was mixed with excess ferric siderophore, and the degree of ligand binding was determined by the color of the crystals as judged by visual inspection. We observed red crystals when Lcn2 was mixed with Fe(III)-Ent. In contrast, colorless crystals formed when Lcn2 was mixed with either Fe(III)-S4 or Fe(III)-S2, which indicates that these ligands do not bind Lcn2 under these conditions (22) (Fig. 2C) . Thus, structural and biochemical data suggest that Lcn2 does not bind Fe(III)-S4 or Fe(III)-S2 under physiological conditions.
To study how salmochelins affect the ability of Lcn2 to limit the growth of iroA-harboring bacteria, we used the new conjugative att shuttle (CAS)-CRIM system, ‡ ‡ which allows the introduction of large genetic elements into bacterial strains that are not genetically manipulable by other methodologies. The iroA gene cluster was introduced into E. coli H9049, a nonpathogenic clinical isolate of E. coli that requires Ent production to grow in iron-deficient media (5) and does not harbor the iroA gene cluster (data not shown). We cloned the iroA locus from uropathogenic E. coli CFT073 by yeast recombination, subcloned it into a CRIM (23) vector, and integrated the iroA-CRIM plasmid into the CAS plasmid F-CAS7 (see Fig. 5 , which is published as supporting information on the PNAS web site). The hybrid F-CAS7-iroA plasmid was subsequently transferred into E. coli H9049 by conjugation (Fig. 5 ), yielding H9049͞CAS::iroA (H9049-iroA). A similar process was carried out by using the empty F-CAS7 plasmid to create the iroA Ϫ control strain, H9049-CAS. As expected, both F-CAS7 plasmids in these strains were stable in the absence of antibiotic selection (data not shown). We confirmed by HPLC and MALDI-MS analysis of cell-free culture broth that H9049-CAS excretes Ent and its hydrolytic breakdown products, whereas H9049-iroA excretes linearized, glucosylated derivatives of Ent (Fig. 1C) .
We then compared the ability of H9049, H9049-iroA, and H9049-CAS to grow in vitro in the presence of purified Lcn2 (Fig.  3A) . Although all three strains grew well in the absence of Lcn2, the addition of 1 g͞ml Lcn2 to the culture media, a concentration similar to that of Lcn2 in serum after infection (5), completely inhibited the growth of parental H9049 and H9049-CAS, whereas Lcn2 had no effect on the growth of H9049-iroA. To test whether the profound insensitivity of H9049-iroA to Lcn2 would facilitate its growth in acute phase serum, we next compared the growth of H9049-iroA and H9049-CAS in media supplemented with acute phase serum from wild-type (C57BL͞6) mice and their Lcn2-deficient counterparts (Fig. 3B) . Indeed, whereas both strains grew well in the presence of acute phase serum from Lcn2-deficient mice, only H9049-iroA was able to grow in the presence of acute-phase serum from wildtype mice. Supplementing Lcn2 Ϫ/Ϫ serum with purified Lcn2 abrogated the growth of H9049-CAS, but had no effect on the growth of H9049-iroA, demonstrating that the effect of iroA was specific for Lcn2 (Fig. 3C ). These in vitro results indicate that the iroA gene cluster confers Lcn2 resistance to Ent-producing bacteria, allowing them unfettered iron acquisition that is essential for growth.
We next investigated the effect of iroA on the virulence of E. coli H9049 during i.p. infection of mice. i.p. injection of either H9049-iroA or H9049-CAS resulted in the rapid mortality of Lcn2-deficient mice (Fig. 4A) , consistent with our previously reported results (5). However, although 80% of the wild-type C57BL͞6 mice survived i.p. challenge with H9049-CAS, only 10% percent of these mice survived i.p. challenge with H9049-iroA (Fig. 4B) ; similar results were seen with Lcn2 heterozygotes (Fig. 4C) . Thus, the iroA gene cluster confers Lcn2 resistance to E. coli H9049 and profoundly augments their virulence in vivo.
The iroA gene cluster renders bacteria insensitive to Lcn2-mediated Ent sequestration, and is a bacterial strategy to evade this specific effector mechanism of the innate immune system. Other examples of bacterial evasion of immune effectors include the chemical modifications of LPS that prevent antimicrobial cationic peptides from binding to the bacterial cell wall (24) , efflux pumps that eliminate antimicrobial peptides, and secreted proteases that cleave immunoglobulins, complement and other serum proteins (25) . In addition, bacteria have evolved mechanisms to avoid detection by innate immune receptors: TLR5 evasion by the flagellin molecule for strains of Campylobacter, Helicobacter, and Bartonella (26); and LPS modifications that alter TLR4 recognition, as seen in Salmonella, Pseudomonas, Yersinia, and other bacteria (27) (28) (29) . Furthermore, several bacteria use complex secretion systems (molecular syringes) to inject effector molecules into the host cell cytoplasm as a means to subvert the host cell machinery or block signaling pathways (30) . Among these innate immune evasion strategies, iroA-mediated Lcn2 evasion is unique, because iroA-harboring bacteria have targeted a secreted small molecule for chemical alteration and acquired a complete metabolic system for export, uptake and degradation to preserve iron acquisition. To prevent Ent from binding Lcn2 without compromising its ability to bind iron, an unusual C-glycosyltransferase (IroB) appends glucose to carbon atoms on two of the three catechol rings of Ent. Because glucosylated Ent derivatives are bulkier than Ent, proteins from the Ent gene cluster are unable to transport and degrade these salmochelins. Three additional proteins are required for salmochelinmediated iron acquisition: a predicted exporter for apo-salmochelin efflux (IroC), a porin for ferric-salmochelin import (IroN), and an esterase to degrade ferric-salmochelins (IroD), releasing iron in the bacterial cytoplasm. The fifth protein encoded by the iroA cluster, IroE, is probably not required for Lcn2 evasion, but improves the iron-scavenging ability of salmochelin S4 by linearizing this siderophore to the more hydrophilic salmochelin S2. Such an elaborate ''second layer'' of secondary metabolism attests to the importance of Ent-mediated iron acquisition for enteric bacteria, and to the efficacy of Lcn2 in thwarting Ent-mediated iron acquisition. This result may be paralleled for other Lcn2-binding siderophores, such as the carboxymycobactins generated by mycobacteria, which are predicted to include both Lcn2-binding and nonbinding isoforms (20) .
Our detailed understanding of this innate immune evasion mechanism reveals a level of complexity that we predict will be a commonality. Although iroB is the only gene required to abrogate Lcn2 binding, four additional genes are needed to accommodate the IroB modification and preserve Ent-mediated iron acquisition. Thus, the innate immune system has targeted functions that require multigenic compensation in order for the pathogen to preserve its vital function.
Our data demonstrate that the iroA gene cluster, a potent virulence factor in some pathogenic strains of E. coli, Salmonella spp, and K. pneumoniae, mediates bacterial virulence through Lcn2 evasion. Indeed, molecular epidemiological studies have associated the presence of iroN in isolates of E. coli and Salmonella with virulence (9, 31, 32), although it is not known how many of these harbor the entire iroA gene cluster. Our results warrant further investigation of the prevalence of the iroA cluster in pathogenic enteric bacteria and the function of Lcn2 as an innate barrier to microbial infection.
A recent report demonstrated the efficacy of targeting bacterial virulence factors with small molecules for the human pathogen, Vibrio cholerae (33) . Unlike traditional antibiotics such as those that inhibit cell wall or protein synthesis, novel ''virulence-specific'' antibiotics would target pathogenic bacteria while sparing commensal bacteria. Our study has identified another bacterial virulence factor that may be a relevant drug target. Inhibition of iroA function could selectively attenuate the virulence of iroA-harboring bacteria, rendering them susceptible to Lcn2 without affecting iroA-deficient commensals. Further efforts to determine the contribution of each iroA gene to virulence likely will identify new members of the emerging class of virulence-specific antibiotic targets.
Materials and Methods
Cloning the iroA Gene Cluster. A genomic fragment containing the iroA gene cluster from E. coli CFT073 was isolated by yeast recombinational cloning with a previously described two-step procedure (34) . The fragment is f lanked by EcoRI and HindIII recognition sites in the genomic sequence, where the EcoRI site is Ϸ0.4 kb from the start codon of iroN and the HindIII site is Ϸ0.9 kb from the start codon of iroB. The capture vector pMF145 was constructed by recombination of four DNA fragments in Sa. cerevisiae: a fragment from pLLX8 containing markers selectable in E. coli (bla) and counterselectable in yeast (CYH2), the pLLX13 vector linearized by NheI, and two targeting sequences with homology to genomic regions f lanking the EcoRI and HindIII sites and to the pLLX8-derived fragment. The pLLX8 fragment was PCR-amplified by using the primers T5 (5Ј-TTTTCTAGAACGCGTTTAATTA-A A ATCTA A AGTATATATGAGTA A AC-3Ј) and T6 (5Ј-CCCTCTAGAGTTAACGTTTAAACAAAAAACGG-TGAAAATGGGTGATAG-3Ј). The targeting sequences were PCR amplified from E. coli CFT073 genomic DNA by using the following primer pairs: TS1-F (5Ј-TCCCTATATTA CCCTGT TATCCCTAGCGTA ACTATCGATCTCGAG cgcatcttgatgatgtcagctc-3Ј) and TS1-R (5Ј-CATATAT-ACT T TAGAT T T TA AT TA A ACGCGT TCTAGA A A A gcatcgtaatggtgtcacctac-3Ј); TS2-F (5Ј-CATTTTCACCGTTT T T TGT T TA A ACGT TA ACTCTAGAGGGcttgcggtctgg caactgcaag-3Ј) and TS2-R (5Ј-AGGGATAACAGGGTAATATAGAGATCTGGTACCCTGCAGGAGCTCtgccccgtcaacctgaccaggg-3Ј). All four fragments were transformed into lithium acetate-treated Sa. cerevisiae CRY1-2 and cells were plated on uracil-deficient media. DNA was isolated from yeast transformants and used to transform into E. coli Top10 (Invitrogen, Carlsbad, CA), and cells were plated on LB-agar containing 100 g͞ml ampicillin. The identity of recovered pMF145 clones was confirmed by restriction digest. To create pMF146 by capturing the iroA-containing genomic fragment with pMF145, lithium acetate-treated Sa. cerevisiae CRY1-2 was transformed with MluI-linearized pMF145 and lightly sheared E. coli CFT073 genomic DNA, and cells were plated on uracil-deficient media containing 2.5 g͞ml cycloheximide. Plasmid DNA was isolated from transformants by resuspending colonies in 15 l of zymolyase buffer (10 mM sodium phosphate, pH 7.8͞1 M sorbitol͞2.5 mg/ml zymolyase) and incubating for 50 min at 37°C, and used to transform E. coli A B C Fig. 4 . The iroA gene cluster confers virulence to E. coli H9049 in a Lcn2-dependent manner. Survival curves of Lcn2 Ϫ/Ϫ (A), wild-type C57BL͞6 (B), and Lcn2 ϩ/Ϫ (C ) mice after i.p. injection of H9049-CAS (n ϭ 9, Lcn2 Ϫ/Ϫ ; n ϭ 10, wild-type and Lcn2 ϩ/Ϫ ) and H9049-iroA (n ϭ 9, Lcn2 Ϫ/Ϫ ; n ϭ 10, wild-type and Lcn2 ϩ/Ϫ ). Top10 (Invitrogen). The identity of pMF146 clones was confirmed by diagnostic PCR and restriction digest.
CAS-CRIM-Based Strain Construction. E. coli H9049 has been described (5). Luria-Bertani (LB) broth was used for growing E. coli K12 derivatives and E. coli H9049. Tetracycline (Tet) was used to select exconjugants containing F-CAS plasmids and their derivatives at 12.5 g͞ml for both E. coli K12 derivatives and H9049 derivatives. Kanamycin (Kan) was used for selecting the integration of the CRIM plasmids onto the CAS plasmids at 10 g͞ml. Erythromycin was used at 400 g͞ml for selection of exconjugants. Diaminopimelic acid (DAP) was supplied at a final concentration of 0.4 M͞ml for DAP Ϫ derivatives, which require DAP for growth.
The HindIII site outside of the multiple-cloning region of the previously described CRIM vector pAH70 (23) was eliminated by a primer-directed mutagenesis strategy with a previously described whole-plasmid amplification procedure (35) to yield pMF152. The EcoRI-HindIII fragment containing the iroA gene cluster was then subcloned from pMF146 into pMF152, yielding pMF154. pMF154 was integrated into the F-CAS7 (pLZ119) plasmid at the attHK site as described (23) . One single copy integrant was saved, which harbors the hybrid F-CAS7-iroA plasmid.
The hybrid F-CAS7-iroA plasmid was mated first into an E. coli DAP Ϫ auxotroph, BW29829. The intermediate exconjugants were then mated with H9049. Mating was done by reviving the donor and recipient on the appropriated media (LB supplemented with Tet or DAP or both) and incubating them overnight. The donor and the recipient strains were streaked onto the same LB plate supplemented with DAP, incubated for 4 h at 37°C, and then mixed by streaking and incubated at 37°C for another 4-6 h. The mating mixtures were then streaked onto an appropriate selection media. If BW29829 (erythromycinresistant) was the recipient, DAP, erythromycin, and Tet were added for the selection of the exconjugants. If BW29829 containing a CAS plasmid was a donor, only Tet was used for the selection.
Analysis of Secreted Siderophores. Overnight cultures of H9049-iroA and H9049-CAS grown in LB broth were diluted 1:100 into M63-glycerol medium (16) and incubated for 18 h at 37°C in a rotary shaker at 225 rpm. After cells were removed from the culture broth by centrifugation, the 1 ml of the cell-free culture fluid was lyophilized to dryness and resuspended in 200 l of 20% acetonitrile in 0.1% aqueous trifluroacetic acid. One hundred-microliter aliquots were analyzed by reverse-phase HPLC, monitoring at 316 nm, with a gradient of 0-40% acetonitrile in 0.1% aqueous trifluoroacetic acid. After MALDI-MS analysis of the peaks corresponding to siderophore species, we assigned their identities as Ent ( Lcn2-Siderophore Cocrystallization Assay. Recombinant Lcn2, prepared as described (22) was cocrystallized with test siderophores as described (20) . Fe(III)-bound siderophores were added at a 2-fold molar excess and equilibrated with protein at neutral pH before crystallization. In this crystal form, the concentration of the protein (and, therefore, specifically bound ligand) is Ϸ25 mM. Therefore, a positive result in this assay corresponds to a dramatically more colored crystal in a less colored background, where the color is due to the UV-vis absorption of the ferric catecholate complexes. Negative results correspond to an even color level across crystal and field, which can include unbound siderophore.
Lcn2-Siderophore Fluorescence Assay. Ent, linearized Ent, S4, and S2 were obtained as described (18) . Tryptophan fluorescence quenching of recombinant Lcn2 was measured on a Jobin Yvon fluoroLOG-3 fluorometer with 3-nm slit widths in Tris-buffered saline (pH 7.4) plus 32 g͞ml ubiquitin (Sigma, St. Louis, MO). Measurements were made at a protein concentration of 100 nM. Fluorescence values were corrected for dilution upon addition of ferric-siderophore. Fluorescence data were analyzed by nonlinear regression analysis of fluorescence response versus ferricsiderophore concentration by using a one-site binding model as implemented in DYNAFIT (36) .
In Vitro Growth Assay. For in vitro growth measurements, Ϸ10 4 cfu log-phase E. coli H9049, H9049-CAS, and H9049-iroA were added in 100 l media per well in 96-well plates. The bacteria were grown in RPMI medium 1640 with 10% heat-inactivated FBS or acute phase serum from Lcn2 Ϫ/Ϫ or C57BL͞6 mice. Recombinant mouse Lcn2 was added at the indicated concentration, and growth was measured as cfu from serial dilutions plated onto on LB agar.
Mouse i.p. Injections and Infection Model. The Lcn2-deficient mice have been described (5) . These mice were back-crossed for eight generations onto to the C57BL͞6 background to generate homozygote and heterozygote controls. Genotype was confirmed by PCR analysis of genomic DNA. The C57BL͞6 mice that were used for breeding and controls were purchased from The Jackson Laboratory (Bar Harbor, ME). Lcn2-deficient mice were age-and sexmatched with C57BL͞6 or Lcn2 ϩ/Ϫ controls. The mice were housed in a specific pathogen-free facility, and all procedures were approved by the Institutional Animal Care and Use Committee at the Institute for Systems Biology. Acute phase serum was produced by i.p. injection of 10 9 cfu heat-killed E. coli into Lcn2 Ϫ/Ϫ and wild-type mice, and after 24 h mice were euthanized and bled. For infections with live bacteria, log phase E. coli H9049, H9049-CAS, and H9049-iroA were washed, resuspended in PBS to the desired concentration and injected i.p. in 0.5 ml per mouse by using a 30 gauge needle. All injected doses were verified by counting cfu. For measuring the bacterial burden, heparinized blood samples and homogenized liver and spleen were diluted in PBS and plated on LB agar to determine cfu. 
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